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Abstract 
A succinct background explaining why, initially, both the scientific community and industry were skeptical about the existence of 
the nonlinear (NL) wave propagation in tissue will be given and the design of an adequately wideband piezoelectric polymer 
hydrophone probe that was eventually used to verify that the 1-5 MHz probing wave then used in diagnostic ultrasound imaging 
was undergoing nonlinear distortion and generated harmonics in tissue will be discussed. The far-reaching implications of the 
advent of the piezoelectric PVDF polymer material will be reviewed and the advances in ultrasound metrology prompted by the 
regulatory agencies such as US Food and Drug Administration (FDA) and International Electrotechnical Commission (IEC) will 
be presented. These advances include the development of absolute calibration techniques for hydrophones along with the 
methods of accounting for spatial averaging corrections up to 100 MHz and the development of "point-receiver" hydrophone 
probes utilizing acousto-optic sensors. Next, selected therapeutic applications of nonlinear ultrasonics (NLU), including 
lithotripters will be briefly discussed. Also, the use of shock waves as pain relief tool and in abating penicillin resistant bacteria 
that develop rock hard "biofilm" that can be shattered by the finite amplitude wave will also be mentioned.  The growing 
applications of NLU in cosmetic industry where it is used for redistribution and reduction of fatty tissue within the body will be 
briefly reviewed, and, finally, selected examples of NLU applications in retail and entertainment industry will also be pointed
out.
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     The primary objectives of this review are to gain insight into the specific issues encountered in ultrasound 
field measurements at the frequencies employed in biomedical applications, to review the tools, which are currently 
used to measure relevant acoustic output parameters, and to demonstrate the mutually important relationship 
between the nonlinear acoustics and modern ultrasound metrology. However, to fully appreciate the impact of 
nonlinear ultrasonics (NLU) in stimulating the advances in ultrasound metrology at the megahertz range of 
frequencies relevant to medical imaging it might be beneficial to first consider the background that prompted the 
development of currently used hydrophone probes and their calibration using nonlinear approach. 
     Although the use of high, 15 MHz frequency was proposed as early as in 1952 [1, 2] for detection of 
histologic structure of the living intact human breast it took over five decades before the commercial imaging probes 
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began to operate in the vicinity of this frequency. Since the publication of [1,2] it took another decade or so before 
ultrasound imaging machines began to be commercially available and the common wisdom at that time strongly 
supported the use of pulse-echo scanheads (imaging transducers) that operated at 2.25 MHz resonance frequency. 
The use of higher frequencies was initially dismissed due to the concern that frequency dependent attenuation in 
tissue would cause the reflecting echoes to have amplitude inadequate to form clinically useful image. The 
scanheads were made of solid lead zirconate titanate (PZT) material and exhibited relatively narrow (typically 30%-
35%) fractional bandwidth. The basic characterization of the imaging transducer performance was performed in the 
pulse-echo mode by bouncing water-generated wave off the perfect reflector, small sphere or a sub-millimeter thick 
wire. Such characterization was not able to provide any evidence of finite amplitude effects discussed in the 
previous talk because the recorded and oscilloscope displayed wave was filtered twice; once on transmit and once 
on receive by the PZT transducer, which acted as a narrowband (bandpass) filter. This double filtering resulted in 
probing waves being displayed as a single tone, purely sinusoidal signal having almost perfect Gaussian envelope. 
The alternative characterization of the pulse-echo transducers was made in transmission mode using a relatively 
small (approximately 1 mm dia) ultrasound hydrophone probe as a receiver. However, the probes that were then 
available for characterization of the fields were also made of solid, PZT ceramic. When carefully designed the PZT 
hydrophones exhibited relatively flat frequency response [3]. However, in general, especially the probes using PZT 
disks suffered from nonuniform frequency response and the sensitivity (in terms of V/Pa) that varied severely (on 
the order of 10 dB) as a function of frequency. This nonuniform response was caused by intrinsic mechanical 
resonances associated with both fundamental and radial modes of vibration of the 1mm diameter PZT disk acting as 
a sensitive element. As a result, the observed pressure-time wave distortions measured by the PZT hydrophones 
were ascribed to the imperfections of the transmitting circuitry and the imaging probe, and the poor frequency 
response of the hydrophone probe itself.  It is worthwhile to add that during the early days of ultrasound medical 
imaging the hydrophones were calibrated at discrete frequencies only, often at the coarse intervals of 1 MHz and the 
calibration was performed seldom beyond 5 MHz.  
     In 1980, the two seminal papers published by Carstensen and Muir [4,5] presented analysis that indicated a 
possibility of nonlinear propagation of the ultrasound wave in tissue. At approximately the same time the advent of 
piezoelectric polymer polivinylidene (di)fluoride or PVDF allowed a new generation of ultrasound hydrophone 
probes to be designed [6-8]. This new generation of PVDF probes provided convincing experimental evidence for 
NLU propagation in tissue [9]. The initial design of miniature PVDF ultrasound hydrophone showed that it was 
possible to obtain a probe with close to uniform (to within the overall uncertainty of calibration, typically +/-10%) 
frequency response up to 10 MHz [6]. In this context it is appropriate to reiterate that at that time the interest in 
calibration of the probes beyond 10 MHz was limited because the imaging equipment operated primarily well below 
5 MHz.  The ultrasound hydrophone probes made of PVDF material were not only able to confirm Carstensen’s and 
Muir’s [4] analysis that nonlinear propagation could take place at MHz range of frequencies [9] but also enabled 
characterization of imaging transducers in terms of their directivity patterns and field distribution in the focal region 
at both fundamental and harmonics [10]. As anticipated, these experiments confirmed that the lateral resolution 
(usually the one that is more limiting than the axial one, associated with the probing wave pulse duration) achievable 
by using harmonic frequency was enhanced by a factor of two and hence this finding opened a possibility for 
improvement of image quality.  
     The impact that the advent of the PVDF probes made in the field of biomedical ultrasonics can be appreciated 
even further by considering the outcome of yet another independent research initiative that gained attention in the 
early eighties. This research initiative was focused on improving ultrasound image quality by using minute (on the 
order of a few microns) spherical gas voids as contrast agents injected into blood circulation. The research in 
contrast agents spurred also interest in improvements of the fundamental model describing dynamics of the 
microbubbles and led to the experimentally verified conclusion that it was harmonic and not the fundamental of 
bubble’s resonance frequency that provided optimum image enhancement. It is that very finding that prompted the 
efforts to design new imaging transducers capable of operating at both fundamental and harmonic frequencies. As 
noted earlier the then-used imaging transducers were made of solid piezoelectric ceramic,  exhibited rather narrow 
(30%) fractional bandwidth,  and consequently were not capable of processing frequency higher than the 
fundamental one. 
     The issue of the limited frequency bandwidth was resolved successfully by invention of a new class of 
piezoelectric materials, termed piezocomposites [11]. These materials significantly broadened the fractional 
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bandwidth of imaging ultrasound transducers. Very briefly, the piezocomposites used solid ceramic material that 
was diced in appropriate manner and the removed solid material was replaced by epoxy filler. In a nutshell, this 
technology improved the pulse-echo sensitivity of the imaging transducers, allowed acoustic impedance of the 
transducer to be controlled by the volume ratio of soft filler and solid PZT ceramic and also lowered mechanical 
quality factor. As a result, the transducer’s efficiency was significantly improved and its bandwidth was almost 
doubled. Closer testing of piezocomposite transducers led to serendipitous discovery that echoes returning from the 
interrogated tissue volume contained both fundamental and harmonic frequencies. Apparently, some physicians 
misunderstood a manufacturer's request for them to test an experimental scanner designed to detect second harmonic 
from a contrast agent and, instead, used it without contrast agent. Everyone was amazed by the picture quality 
obtained using harmonic frequency. The harmonic frequency image provided a degree of detail, which clearly 
surpassed that available with conventional, fundamental frequency gray scale imaging. It is also noteworthy that the 
piezocomposite materials facilitated development of now ubiquitously used wideband 1.5 D array scanners that 
allowed implementation of harmonic imaging. As discussed by the next speaker harmonic imaging mode is now 
widely available in clinical practice. As noted earlier, this imaging mode has improved the quality of images and 
markedly boosted the diagnostic power of ultrasound.  
     In present clinical applications, two harmonic imaging modes can be identified: in contrast agent harmonic 
imaging higher frequencies are generated upon reflection and scattering from the microbubbles, whereas in tissue or 
gray-scale harmonic imaging the harmonic frequency energy is generated gradually as the ultrasound wave 
propagates through the tissue.  
     To recap, the use of wideband PVDF hydrophone probes allowed verification of nonlinear ultrasound 
propagation in biological tissue and facilitated development and testing of a new generation of enhanced bandwidths 
imaging transducers made of piezocomposite material. This new generation of wideband, sensitive, multi-element 
transducers provided highly improved image resolution which was further enhanced by the introduction of digital 
technology platform including digital beam formers which assured high dynamic range (exceeding 100 dB) and 
electronically controlled multi-focal zones. Concurrent advances in associated electronic circuitry along with 
advanced signal processing improved S/N ratio and made possible further improvement in image quality by 
enhancement of fundamental operating frequency.  
     In the following a succinct review of selected high frequency (HF, >20 MHz) clinical applications is given to 
underscore the need for truly wideband ultrasound hydrophone probes. With this background the use of nonlinear 
wave propagation in calibration of these probes is reviewed.  
     Modern ultrasound diagnostic systems routinely use harmonic imaging and operate at center frequencies close 
to 15 MHz. The existing AIUM/NEMA standards and FDA guidelines [2008_Jerry Harris] require the acoustic 
output characterization using hydrophone probes calibrated to eight times the center frequency of the imaging 
transducer. Thus, the ultrasound field generated by imaging arrays in the 12-15 MHz range should be measured by a 
calibrated hydrophone probe having bandwidth on the order of 100 MHz [12-15].  
     In the recent decade the importance of measurements in the frequency range above 20 MHz increased 
significantly. Catheter based systems often use frequencies beyond 20 MHz [16]. Also, characterization of 
vulnerable plaque and network of capillaries in the vicinity of blood vessels is being conducted using catheters 
operating in the frequency range of 20-60 MHz [17]. Likewise, ophthalmic examinations routinely make use of 
transducers operating beyond 20 MHz and frequency of 80 MHz is being tested to distinguish between epithelial 
and posterior corneal boundaries during corneal scan. Monitoring of the blood flow in retinal vessels is also of 
interest; it increases diagnostic power during routine eye examination and is also desirable during ocular occlusion 
removal surgery. As the blood velocity in retinal vessels is on the order of 10 mm/s or less it is anticipated that the 
Doppler systems operating at the frequencies above 40 MHz would be needed to successfully detect and monitor the 
flow [18]. Skin imagers operating at 20 MHz are already well accepted in clinical diagnostic practice, and can 
provide axial and lateral resolution on the order of 40 to 210 microns, respectively [19]. However, this frequency is 
inadequate for diagnosis of skin lesions in epidermis; visualization of epidermis is essential in assessment of the 
wound healing process. Successful imaging of dermis and epidermis can be obtained by using 100 MHz imaging 
system as described in [20]. The system is also applicable to diagnosis of skin tumors and differentiation between 
the benign and malignant tissue based on mechanical behavior of the human skin. In addition to diagnostic 
applications, imaging of skin is of interest to cosmetic industry as it allows monitoring the effects of cosmetics on 
(ageing) skin.  
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     The review presented above indicates a growing need for quantitative measurements of ultrasound fields in 
the frequency range that exceeds 20 MHz.  However, in order to develop an appropriate measurement tool and to 
achieve this goal two major challenges had to be overcome. One of them was associated with the finite aperture of 
the ultrasound hydrophone probes and their frequency response and the second one with the calibration practice. 
Typical diameter of the probes is on the order of several hundred (up to 500) microns and this leads to spatial 
averaging errors already at the frequencies below 10 MHz. The immediate consequence of the finite aperture and 
limited frequency response, usually insufficient to cover wide, 100 MHz bandwidth [21-23] is inability of the 
hydrophone to reproduce the pressure-time waveform faithfully. The spatial averaging errors can be accounted for 
by using proven, experimentally verified models [24, 25]. Alternatively, to eliminate the need for spatial averaging 
correction at 100 MHz the effective diameter of the probe should be on the order of 7 microns. Such probes that can 
be considered as point-receivers are currently under development but they require fiber optic to be used as a 
sensitive element [23]. Availability of hydrophone probes using fiber optic will provide an alternative to the 
currently used PVDF polymer probes, if the small physical dimensions and the elimination of the spatial averaging 
error are of immediate concern in the field measurements. However, the PVDF probes are in general easier to 
operate and, as noted above, an appropriate signal processing can provide the spatial averaging correction [24, 25]. 
     The second challenge arose because at frequencies exceeding 10 MHz the calibration method using 
reciprocity principle is difficult to implement. Although optic based, interferometric methods can be used, they 
require fairly complex measurement arrangement [26-28]. To assuage this problem, recently, calibration techniques 
taking advantage of nonlinear wave propagation were developed [23-25]. Briefly, the techniques make use of 
carefully developed semi-empirical nonlinear propagation model [23-25] that allows prediction of the field 
generated by arbitrarily shaped source in terms of pressure-time waveform of known amplitude.  The model also 
takes into account the influence of the finite aperture of the probes that is immersed in the field at the selected 
distance (usually focal plane). Knowledge of the absolute, model calculated pressure amplitude and the voltage 
measured across the hydrophone probe’s terminals allows absolute sensitivity of the probe (in terms of V/Pa) for a 
given frequency to be determined. The source transducer is generating harmonics of the fundamental and during the 
calibration several sources operating at different fundamental frequencies are used. The use of several sources aids 
to cover wide, 100 MHz frequency range and the lower the operating frequency of the finite amplitude source is, the 
shorter is the interval between the harmonics and, consequently, the more accurate is the extrapolation of the 
sensitivity values. The results of the calibration using this approach were verified by an independent national 
laboratory, which performed optic calibration and it was found that both data were in close agreement. A more 
detailed description of the nonlinear calibration technique and the results obtained can be found in [25] and [29].  
Briefly, the voltage sensitivity of the FO sensors versus frequency was initially determined using nonlinear 
calibration technique. As this technique yields only calibration at discrete frequencies additional calibration was 
performed; to obtain complete calibration up to 100 MHz three unique acoustic methods (Time Delay Spectrometry 
(TDS) [30,31]. Time Gated Frequency Analysis (TGFA) [25] and semi-empirical nonlinear propagation model [24] 
have been combined to determine the frequency dependent sensitivity of the finite aperture hydrophone probes and 
the frequency response of the 10 μm diameter FO prototype [23,32].  The application of TDS and TGFA equivalent 
technique in hydrophone calibration was independently reported in [33]. The TDS and TGFA were selected because 
they allow the hydrophone’s sensitivity to be obtained as quasi-continuous function of frequency. The final 
calibration results were obtained by employing TDS calibration from 1 to 40 MHz, TGFA method from 20-100 
MHz and the nonlinear model [24] from 10-100 MHz. This overlapping of frequency ranges allowed verification of 
the developed calibration approach and minimized the overall uncertainty.  
     Recently, phase measurements gained an attention because the plot of phase data versus frequency when 
combined with the appropriate data processing of the measured pressure-time waveform can be used to account for 
complex phase relationship induced by the finite aperture of the piezopolymer hydrophone [33, 34]. In other words 
they offer an alternative to the use of point-receiver fiber optic hydrophone, which exhibits zero phase shift in the 
frequency range considered here (100 MHz). The measurements of phase are not trivial but in the context of this 
tutorial it should be noted that the semi-empirical nonlinear propagation model [24] was used successfully to 
determine phase versus frequency characteristic of the membrane hydrophone.  Work is underway to extend the 
membrane hydrophone phase measurement procedure to include needle hydrophone testing [35]. 
     In addition to diagnostic applications, the characterization of High Intensity Focused Ultrasound (HIFU) fields 
is of interest. Detailed characterization of the HIFU (often referred to as HITU – High Intensity Therapeutic 
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Ultrasound) produced fields, which are highly nonlinear is crucial for optimizing tissue ablation and minimizing 
collateral damage. The measurement of these fields is difficult as widely used piezoelectric hydrophone probes 
cannot withstand the temperatures and/or cavitation effects produced by HIFU transducers in the focal region 
[36,37]. Fiber optic sensors were shown to be well suited for HITU (HIFU) field measurements [36,37]. 
     Although this presentation is primarily concerned with the unique contributions of nonlinear propagation to 
ultrasound metrology, a few other applications deserve some comments. These include therapeutic applications, 
drug resistant bacteria abatement, the use of finite amplitude waves in cosmetic industry and applications in targeted 
or personalized delivery of messages in noisy environment. 
      Ultrasound lithotripters generate highly focused shockwave that is capable of comminuting the kidney or 
urether stone. The pressures generated in the focal planes of the lithotripter are reaching amplitudes on the order of 
hundreds of MegaPascals. Similar focused pressure amplitudes are also being explored as pain relief tools and in 
abating penicillin resistant bacteria that develop hard “biofilm”. This chemically impenetrable film can be shattered 
by the shock wave, and once this is done, using the appropriate drug treatment can defeat the bacteria.  
     In cosmetic industry finite amplitude waves are used for redistribution and reduction of adipose tissue within 
the body. This noninvasive procedure, where the highly focused ultrasound applicator is applied extracorporeally 
and introduces thermo-coagulation of adipocytes is being currently explored as an alternative to invasive, and hence 
less desirable, liposuction procedures [38]. 
     In the previous talk the concept of parametric array was introduced and it might be helpful to realize that this 
concept is currently finding applications in entertainment industry, musea exhibits and ensuring privacy of the 
conversation in the open or cubicle office environment. Also, the parametric array approach is being explored as a 
powerful vehicle to deliver personalized advertisement in grocery or department stores. The optimized directivity 
pattern of the parametric array can be used to project voice message to a selected customer only, unknowingly to 
others even those located in a close proximity [39]. 
     In conclusion, the application of nonlinear ultrasonics was instrumental in the development of innovative, 
truly wideband calibration method of hydrophone probes. The fusion of nonlinear and swept frequency calibration 
approach provided sensitivity versus frequency response of the probes in the frequency range up to 100 MHz.  The 
availability of hydrophone probes calibrated in such wide frequency range is indispensable for further development 
of ultrasound imaging performed at the frequencies that would produce images comparable with those achievable 
using magnetic resonance imaging (MRI). This is essential as the diagnostic power of ultrasound modality and its 
clinical importance critically depends on the image quality. In general, optimization of the equipment used in 
biomedical ultrasonics requires knowledge of the dependence of the relevant acoustic field parameters, including 
pressure-time waveform and the treated or diagnosed tissue. Taking into account the dynamic and frequency range 
considered, at the present time such knowledge can only be obtained through quantitative measurements using 
calibrated hydrophone probes. 
The companion papers by L.Bjørnø and A. Nowicki (somewhere in this volume) are focused on the review of 
nonlinear propagation theory and the selected applications of nonlinear wave propagation in ultrasound imaging. 
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